by 2.5 mM MnCI,, but in its absence, the nucleotides reduce binding only by 15%. Guanine nucleotides reduce binding to the same level regardless of the presence or absence of the divalent cation. Regional distribution studies confirm that the density of SP receptors is maximal in the olfactory bulb, followed by the hypothalamus, striatum, hippocampus, cortex, and cerebellum.
Abstract
manner with an optimal effect at p higher than 0.3. Addition of 2.5 mM MnCI, results in a 2-fold increase in the affinity (KD) and a 40% increase in the maximal receptor density (B,,,) .
Scatchard analysis under these conditions indicates the existence of a single population of noninteracting sites with Koof 3.6 nM and a B,., of 76 fmol/mg of protein. Substance P (SP) and physalaemin are equipotent in inhibiting the binding of [3H]PHY, whereas the potency of SP(2-ll), , and SP(4-11) decreased in inverse proportion to their length. The relative affinity of the different tachykinins, SP, and SP fragments in competing with [3H]PHY correlates with their potency to stimulate several bioassay systems, indicating that [3H]PHY labels a physiologically relevant binding site that correspond to the SP-P tachykinin receptor. Guanine nucleotides completely abolish the increase in the binding of [3H]PHY produced by 2.5 mM MnCI,, but in its absence, the nucleotides reduce binding only by 15%. Guanine nucleotides reduce binding to the same level regardless of the presence or absence of the divalent cation. Regional distribution studies confirm that the density of SP receptors is maximal in the olfactory bulb, followed by the hypothalamus, striatum, hippocampus, cortex, and cerebellum.
The substance P (SP)-related peptide physalaemin (PHY) (pGluAla-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-NHZ) is a naturally occurring tachykinrn, origrnally isolated from frog skin (Erspamer et al., 1964) . Both peptides have a similar spectrum of physiological activities that includes depolarization of spinal cord neurons (Konishi and Otsuka, 1974) hypotension (Tregear et al., 1971 ) contraction of the guinea pig ileum (Bury and Mashford, 1977) , and stimulation of salivary secretions (Liang and Cascieri, 1979) . The results of the analysis of SP and its related peptides on various pharmacological preparations have lead to the subdivision of the tachykinin receptors into two types. One is the SP-P receptor, which interacts preferentially with PHY and SP and has lower affinity for eledoisrn and kassinin (Lee et al., 1 982) . Tissues that have a preponderance of the SP-P receptor include rat brain and salivary glands and the guinea pig ileum. SP is the putative neurotransmitter In mammalians for the SP-P receptor. The other type is the SP-E receptor, whrch interacts preferentially with eledoisin and kassinrn and has lower affinity for SP and PHY. Tissues that have a preponderance of the SP-E receptor include the rat vas deferens, dog duodenum, and the dog and hamster urinary bladder (Lee et al., 1982) . A thrrd tachykinin receptor, SP-K, has recently been reported with preferential affinity for neurokrnin A" (Buck et al., 1984) . Neurokrnrn B (Kangawa et al., 1983; Kimura et al.,1983) , another recently discovered peptide, is very effective in inhabiting the binding of eledoisin (Buck et al., 1984) . The recent discovery of several peptides in mammalians suggests that the tachykinin receptor classification will have to be revised to accommodate the new members of the group (Buck et al., 1984) .
['251-Bolton Hunter]SP has been used successfully to label the SP receptor in rat brain synaptosomal membranes (Cascieri and Liang, 1983; Viger et al., 1983) . However, the labelrng of the SP receptor in rat brain membranes with [3H]SP has been hampered by high nonspecific binding (Hanley et al., 1980) and by the lack of correlation between the relative potency of some peptides to compete with [3H]SP and their relative potency to produce neuronal depolarization. Nevertheless, [3H]SP has been used successfully in labeling the SP receptor in rat brain slrces by autoradrography (Qurnon et al., 1983a) .
We have used [3H]PHY to label the SP receptor In rat brain membranes because PHY and SP are generally considered to act on the same receptor. Cross-desensitization and inactivation of the SP receptor on the guinea pig Ileum have indicated that SP and PHY interact with the same receptor (Lee et al., 1982; Lin and Musacchio, 1983) . Furthermore, analysis of the binding of [3H]SP and [3H]PHY to rat submaxillary gland membranes demonstrated that both peptides interact with the same binding site (Bahouth et al., 1985) . We demonstrate in this paper that [3H]PHY binds with high specificity to rat brain membranes in the presence of appropriate peptidase inhibitors and monovalent and divalent cations. The binding is saturable, reversible, and inhibited competitively by SP and other peptides. The low nonspecific binding of [3H]PHY makes this label one of the ligands of choice to characterize the SP-P receptor in the central nervous system and in peripheral tissues. The brains without the cerebella were homogenized in 50 vol (w/v) of 20 mM HEPES, pH 7.4, at 4°C using a Brinkman Polytron tissue disruptor (speed 8, for 30 set), and the homogenate was centrifuged at 900 x g for 10 min. The low speed pellet was discarded and the supernatant was centrifuged at 34,000 x g for 30 mm at 4°C. The resulting pellet was resuspended in 11.5 vol of 0.125 M sodium sulfate, 20 mM HEPES (pH 7.4) at 4°C. Chymostatin dissolved in drmethylsulfoxide (DMSO; 20 mg/ml), and bacrtracin In water (50 mg/ml) were added 30 min before the initration of the binding assay. The final concentratron of DMSO did not affect the bindlng of [3H]PHY. All peptrdase inhibitors and peptides were stored at -20°C in small aliquots.
$H]PHY binding assay. The binding was initiated by the addition of 0.25 ml of the membrane preparation to a frnal volume of 0.5 ml. The final composrtron of the rncubatron medium consisted of 0.125 M sodium sulfate, 2.5 mM MnCI,, 20 mM HEPES, pH 7.4, 0.3 mg/ml of bacitracrn, and 0.05 mg/ml of chymostatin.
The samples were Incubated at 20°C in a shaking water bath, and after 30 min they were filtered through Whatman GF/B filters presoaked In 0.05% PEI in water at room temperature for 4 to 6 hr. The filters were washed prior to the sample application with 5 ml of wash buffer (100 mM cholrne chloride, 0.1% BSA, and 50 mM sodium phosphate, pH 7.4, at 4°C). After the sample application, the filters were rapidly washed three times with 5 ml of the same Ice-cold wash buffer. established by determining the specific binding of [3H]PHY in different molar concentrations of NaCl and NapSO (0.025 to 0.6 M). Optimum binding was observed at 0.1 M Na2S04 (p = 0.3) and 0.3 M NaCl (p = 0.3, Fig. 5 ). Binding assays were also performed using other monovalent cation salts in concentrations that provide an ionic strength of either 0.3 or 0.6. Several salts were studied as described in Table Ill . Specific [3H]PHY binding in both ionic strengths was comparable among the different sulfates and organic anion salts, However, a decrease in the specific binding of [3H]PHY was observed when the ionic strengths of NaCI, LiCI, KCI, and NH&I were increased from 0.3 to 0.6. This effect is unique to chloride ions, as shown in Table Ill . Thus, we concluded that when the concentration of chloride is higher than 0.3 M, the specific binding of [3H]PHY is inhibited. Subsequent studies on [3H]PHY binding were carried out by suspending the membranes in 0.125 M sodium sulfate, 20 mM HEPES (pH 7.4) with peptidase inhibitors, and with or without manganese. It is noteworthy that minimal specific binding was observed in either 0.3 M sucrose or 20 mM HEPES.
Since in 20 mM HEPES there was no significant binding (Table Ill) 
Effect of divalent cations Divalent cations produced a marked increase on binding of [3H]
PHY. Manganese was the most potent cation and, at 2 to 5 mM, produced a 65% (p < 0.01) increase of specific binding without changing the nonspecific binding (Fig. 4A) . Addition of magnesium or calcium elicited a 30 to 40% (p < 0.01) increase in specific binding at 2 to 5 mM concentration.
Scatchard analysis of the saturation with [3H]PHY in the presence of 2.5 mM MnC12 (average of four experiments) demonstrated about a 35% increase in the 6 ,,,% to 74.2 + 1.23 fmol/mg and a decrease in the KI, from 6.3 + 0.73 nM to 3.66 f 0.36 nM (Fig. 48) . Since the addition of manganese resulted in optimal [3H]PHY binding, subsequent binding studies were carried out in the presence of 0.125 M sodium sulfate, 2.5 mM MnCI,, 20 mM HEPES (pH 7.4).
Effect of guanine nucleotides
The effect of guanine nucleotides on the binding of [3H]PHY to rat brain membranes was studied in the absence or presence of 2.5 mM MnCI,. In the absence of MnC12, GTP, GDP, and Gpp(NH)p were equally potent in inhibiting the binding of [3H]PHY. The maximal inhibition produced was 25 to 30% (p < 0.01) at 1 mM, which was the highest concentration tested. In a typical experiment, 4.8 nM [3H] PHY resulted in specific binding of 1520 cpm/ml, and 1 mM Gpp(NH)p reduced the specifically bound [3H]PHY to 1100 cpm/ml (Fig. 6) . In contrast, in the presence of 2.5 mM Mn'+ the specifically bound [3H]PHY increased to 3000 cpm/ml, and the addition of Gpp(NH)p markedly reduced the binding in a concentration-dependent manner with an I& of 3 PM. No reliable estimate of the lCso of other guanine nucleotides could be obtained due to their rapid degradation in the presence of the divalent cation. The addition of Gpp(NH)p inhibited the binding of [3H]PHY in a dose-dependent manner. The maximal Inhibition obtained was identical, either in the absence or in the presence of Mn2+ (Fig. 6) . Similar effects were observed with GTP and GDP but not with the adenine nucleotides, which required much higher concentrations to elicit partial effects. 
Discussion
We used [3H]PHY to study the SP receptor in rat central nervous system because we have previously demonstrated that this ligand interacts specifically with the SP-P receptor of rat salivary gland membranes (Bahouth et al., 1985) . The binding of [3H]PHY is pH dependent and temperature sensitive. Heating or preincubation of the membranes with trypsin led to complete inhibition of specific binding, suggesting that the binding site is proteinaceous in nature. The binding was also inhibited by preincubation with NEM and PCMB, indicating that it is also dependent on sulfhydryl groups. [3H] PHY binding to rat brain membranes suspended in low ionic strength media was negligible and increased by lo-to 20-fold in the presence of salts. This effect was not due to any particular ion but depended on the ionic strength (p) of the salts. Maximal binding occurred at p between 0.3 and 0.4 and was maintained at even higher ionic concentrations. Cascieri and Liang (1983) also reported that the binding of ['251-Bolton Hunter]-SP to rat cortex membranes was minimal in 50 mM Tris-HCI. Unlike binding to rat brain membranes, [3H]PHY binding to rat submaxillary gland was significant in low and high ionic strength media (Bahouth et al., 1985) . The reason for this disparity in the binding characteristics of membranes from two different organs is not clear. Another characteristic effect of the monovalent ions is that chloride-containing salts inhibited the binding when their concentration exceeded 0.3 M. This inhibitory effect was unique to chloride ions but is probably not physiologically significant, since it occurs only at about twice its humoral concentration. [3H]PHY increased almost 2-fold, from KD = 6.6 nM to 3.6 nM. In addition, the B,,, of [3H]PHY increased by 35% (from 55.3 to 74.2 fmol/mg of protein). This effect was not due to the increase in the amount of proteins deposited on the filter as judged by the Lowry assay (Lowry et al., 1951) . Cascieri and Liang (1983) previously reported that the addition of 5 mM MnCI, to rat brain cortex membranes increased the binding of ["51-Bolton Hunter]-SP by 4-to 28. fold. In contrast to the effect of divalent cations on the increase in number of sites and affinity of central nervous system membranes, the divalent cations produced only a modest increase in the binding of [3H]SP and [3H]PHY to rat submaxillary gland membranes, by increasing the B,,, by 20 to 40% without altering the affinity of the SP receptor (Lee et al., 1983; Bahouth et al., 1985; Bahouth and Musacchio, 1985) .
The receptor density that we have observed in this study is similar to that reported by Perrone et al. (1983) for [3H]SP binding to rat brain membranes (B,,, = 86.5 fmol/mg). However, our B,,, is substantially higher than that reported for [3H]SP binding to rat brain membranes (Hanley et al., 1980) and slices (Quirion et al., 1983a) or ['*51-Bolton Hunter]-SP binding to rat brain synaptosomes (Viger et al., 1983 ). This discrepancy is probably due to several factors. One is probably related to the way in which we processed the tissue: we discarded the 900 x g sediment which contains few receptors but a high concentration of proteins, whereas in the work with tissue slices (Quirion et al., 1983a) , the B,, has to be calculated for the total proteins. The addition of 2.5 mM MnCl*, which Viger et al. (1983) did not use, is another factor that further contributes to increase the value of the B,, as determined in our laboratory.
The affinity of [3H]PHY determined by saturation Scatchard analysis was 3.6 nM and that determined by kinetic analysis was 4.4 nM. These values are similar to those previously reported by others: we calculated the K, of PHY in published studies using the equation of Cheng and Prusoff (1973) and found that the K, of PHY in competing with [3H]SP bound to rat brain membranes and slices was 3.5 nM (Perrone et al., 1983; Quirion et al., 1983a) and 2 nM in competing with ['251-Bolton Hunter]-SP bound to rat brain synaptosomes (Viger et al., 1983) . The affinity of PHY determined by several pooled competition experiments was 2.7 nM (Table IV) . It is noteworthy that the affinity of [3H]PHY in rat submaxillary gland is 2.7 nM (Bahouth et al., 1985) , quite similar to the results obtained in brain.
The present study was conducted in a high ionic strength medium (1 = 0.3), much higher than all of the previous studies that deal with labeling of the SP receptor in rat braln. We have previously demonstrated that the affinity of [3H]SP decreases from 0.15 nM in low ionic strength to 2.8 nM in high ionic strength medium, whereas [3H] PHY has a constant affinity (Bahouth et al., 1985) . In consequence, et al., 1983; Bahouth et al., 1985) . Manganese doubled the specifically bound [3H]PHY. However, in the presence of 1 mM Gpp(NH)p, binding of [3H]PHY was the same regardless of the presence or absence of Mn". These observations suggest that guanine nucleotides block the effect of divalent cations. Washing the membranes by centrifugation three times restored the stimulation of binding by Mn '+ in the Gpp(NH)p-pretreated membranes, indicating that the guanine nucleotide effects are reversible. This also indicates that the binding sites of the guanine nucleotides and divalent cations are not dissociated from the PHY-binding site during the washing procedure. If the SP receptor is protected from inactivation with a high concentration of PHY, NEM blocks the effect of both divalent cations and guanine nucleotides (Musacchio et al., 1984) .
We found that guanine nucleotides inhibited the binding of C3H] PHY by only 50 to 60%. This is much less than what was reported by Cascieri and Liang (1983) , who showed that Gpp(NH)p and GTP produced a complete inhibition of ['z51-Bolton Hunter]-SP binding to rat brain membranes suspended in low ionic strength divalent cationcontaining medium (50 mM Tris-HCI, 5 mM MnC12). This discrepancy could be related to the different experimental conditions: we used, in addition to the divalent cations, high ionic strength media, which increase binding in a guanine nucleotide-insensitive manner, while the divalent cation-dependent binding is sensitive to guanine nucleotides.
The effects of divalent cations and guanine nucleotides on [3H] PHY binding suggest that both agents may act on a GTP-binding regulatory protein as is the case of adenylate cyclase-coupled receptors (Rodbell, 1980) . However, the experiments of Lee et al. (1983) indicate that the SP receptor is not coupled to adenylate cyclase, at least in the rat salivary glands. Mantyh et al. (1984) recently reported that SP receptors in the central nervous system
